[1] Enceladus exhibits a strong tectonic contrast between its south polar terrain (SPT), which is young and geologically active, and its northern hemisphere, which is relatively ancient and stable. Previous global three-dimensional (3-D) spherical models of convection exhibit patterns that are symmetrical around the equator and fail to explain the formation of a hemispheric dichotomy. Here we present global 3-D spherical models of convection in Enceladus' ice shell to show that convection in Enceladus' ice shell with plasticity and irregular core geometry can self-consistently generate a hemispheric dichotomy in tectonics and heat flux. With a spherical core, convection produces global overturning, which cannot explain the regional confinement of Enceladus' current tectonic activity to the SPT. Models with appropriate nonspherical core geometry and plasticity tend to produce overturning confined to the SPT or regional overturning in different regions at different times, which can explain the tectonic dichotomy and local age differences on Enceladus. Our models predict heat flows up to 5-10 gigawattts (GW) during active episodes, consistent with Cassini observations. Citation: Showman, A. P., L. Han, and W.
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Introduction
[2] In contrast with the cratered northern terrains, Enceladus' southern hemisphere is highly active. The south polar terrains (SPT) are heavily tectonised and exhibit surface ages of 10-100 Myr or less [Porco et al., 2006] . The "tiger stripes," four 130 km long fractures that dominate the SPT, exhibit a total heat flow of 15.8˙3.1 GW [Howett et al., 2011] . Jets of salty ice particles [Postberg et al., 2011] and various gases [Waite et al., 2009] emanate from the tiger stripes, indicating intense current activity. The heat presumably results from tidal dissipation caused by the orbital resonance between Enceladus and Dione Wisdom, 2007, 2008] , although the details remain poorly understood. Many authors have suggested that convection in the ice shell transports the internally dissipated heat to the surface and promotes the intense tectonism observed in the SPT [Grott et al., 2007; Barr and McKinnon, 2007; Mitri and Showman, 2008; Roberts and Nimmo, 2008; Tobie et al., 2008; Běhounková et al., 2010; O'Neill and Nimmo, 2010] ; once weakened, shear heating along fractures such as the tiger stripes can also contribute [Nimmo et al., 2007] .
[3] However, previous models have failed to explain the confinement of the high heat flux and recent tectonism to the southern hemisphere. Three-dimensional models of thermal convection in Enceladus' ice shell with no imposed asymmetries exhibit multiple ascending and descending plumes and lack any contrast between the two hemispheres [Roberts and Nimmo, 2008; Běhounková et al., 2010; Han et al., 2012] . Several authors have explored the conditions under which imposed asymmetries between the hemispheres, such as an imposed subsurface ocean or weak zone at the south pole, can explain the enhanced activity within the SPT [Tobie et al., 2008; Běhounková et al., 2012; Han et al., 2012] . Although these models offer important insights, they suffer from the chicken-and-egg difficulty that some manifestation of activity (weak SPT or subsurface ocean) must be imposed to explain other aspects of activity (high heat flux).
[4] Here we present global, 3-D spherical models of thermal convection showing that the existence of appropriate topography on Enceladus' silicate core can modulate the convection and naturally lead to enhanced activity at the south pole. The asymmetry in tectonics and heat flux emerges spontaneously from the asymmetry in the coreice-shell boundary and does not require any ad hoc thermal anomalies, oceans, or pre-imposed weakening in the ice shell.
Model
[5] We solve the Boussinesq convection equations in a global, 3-D spherical ice shell with inner and outer radii of 150 and 250 km appropriate to a differentiated Enceladus. To investigate the effects of brittle deformation, we include plastic rheology. Plastic deformation occurs only when deviatoric stresses reach a specific yield stress Y [Moresi and Solomatov, 1998; Tackley, 2000] . The plasticity is incorporated by means of an "effective viscosity" [Showman and Han, 2005] , Á eff , defined as
where Á(T) is the temperature-dependent creep viscosity implemented as in Han et al. [2012] , P is the second invariant of the strain rate tensor, and Y is the yield stress, which is constant in the bottom 90% of the domain and decreases near the surface as in Showman and Han [2005] . Some models include constant tidal heating at amplitudes appropriate to the current eccentricity, but this does not affect our qualitative conclusions. (bottom) Temperature distribution along a radial cross section is also displayed. In the simulation, a stagnant lid builds, then undergoes a global overturn (shown), after which the stagnant lid regrows, and the cycle repeats episodically. In the absence of core topography, the overturns are usually global as shown here.
[6] We solve the equations using the finite-element code CitcomS [Zhong et al., 2000] with a grid resolution of 48 48 48 in each of the model's 12 subdomains (corresponding to a resolution of 1.5 ı in longitude and latitude). Isothermal boundary conditions are imposed at the top and bottom of the ice shell. Velocity boundary conditions are free-slip on the top and no-slip or partially no-slip at the bottom. The initial condition is a conductive thermal profile with a degree-1, order-0 perturbation, of amplitude 15 K, placed at the bottom to initiate convection.
Results
[7] First, we consider models with a spherical core geometry. When the yield stress is large ( Y 0.2 bar), the convection occurs under a thick stagnant lid, if at all; the heat flux is small ( 5-10 mW m -2 ) and there is no hemispheric dichotomy in convection. At sufficiently small yield stresses (0.1-0.2 bar), however, the plasticity allows episodic overturning of the lid, consistent with the results of 2-D studies [Moresi and Solomatov, 1998; Showman and Han, 2005] . The stagnant-lid thickness builds until stresses reach the yield stress, whereupon plastic deformation causes the lid to overturn and allows warm, mobile ice to reach the nearsurface. Figure 1 illustrates an example. Our 3-D models show that episodic overturning events, even if locally initiated, tend to rapidly expand into full global overturns. On Enceladus, this would lead to similar tectonics and ages across the entire surface, inconsistent with observations.
[8] The global nature of episodic overturning events in our 3-D models with spherical cores contrasts with the suggestion of O'Neill and Nimmo [2010] from two-dimensional (2-D), Cartesian regional models that such overturning events might be regionally confined. Generally, previous 2-D models show that, when the viscosity contrast is realistically large, episodic overturning occurs over only a narrow range of yield stresses [Moresi and Solomatov, 1998, Figure 4] . Previous 2-D models of icy-satellite convection with plasticity by Showman and Han [2005] also suggest that such overturnings tend to occur over the entire domain rather than regionally. As O'Neill and Nimmo [2010] emphasize, realistic spherical geometry may influence the behavior of the overturns, and understanding the confinement of Enceladus' activity to the SPT therefore requires 3-D spherical models. However, our 3-D models with spherical cores failed to produce regionally confined overturns.
[9] As pointed out by McKinnon [2013] , asteroids similar in size to Enceladus (e.g., Pallas, Hygiea, and Vesta) exhibit irregular shapes, and under conditions relevant to Enceladus, a silicate core can maintain topography indefinitely. Moreover, Cassini observations show that Enceladus deviates from the shape of an equilibrium oblate spheroid, perhaps due in part to a nonspherical core [McKinnon, 2013] . Motivated by these issues, we consider the effect of core topography on convection in the ice shell. Suppose the core topography measured relative to the bottom of the simulation domain is h(Â, ), where Â is colatitude and is longitude. To represent the effect of core topography, we introduce a viscosity contrast of 10 10 for all regions at and below the height h(Â, ), thereby limiting ice flow to regions outside of that surface. Simple estimates show that, in hydrostatic equilibrium, core topography leads to surface topography less than 10-30% in amplitude of the core topography (see Appendix). For simplicity, we therefore neglect the surface topography variation in our models.
[10] We find that appropriate global wave number 1 topography, with the ice shell slightly thicker at the south pole than elsewhere, can allow convection to occur preferentially at the south pole. Figure 2 illustrates an example with core topography of 14 km-consistent with topographic amplitudes suggested by McKinnon [2013] -and a yield stress Y = 0.1 bar. The convection occurs and, importantly, is confined to regions near the south pole. The stagnant lid grows, becomes locally unstable, and overturns-but only regionally near the south pole. After the regional overturn, the stagnant lid regrows in the affected area and the cycle repeats. No convection occurs in Enceladus' northern hemisphere, consistent with the relatively ancient ages of most terrains there. This model can naturally explain the confinement of Enceladus' activity to the SPT.
[11] Our model can explain the hemispheric heat flux dichotomy on Enceladus. Because convection is confined to the SPT, the heat flux in the northern hemisphere is low ( 5-10 mW m -2 ), while the heat flux in the SPT can experience episodic spikes. Our model can also explain the apparent contradiction between the current massive heat flux and the limited total power budget available to Enceladus. In our models, the heat flow rate at the SPT during the overturn reaches 5-10 GW, consistent with the observed heat flow. Nevertheless, because the overturn events typically occur during only 5% of the total history, the time-mean heat flux is relatively low. Thus, our models help to resolve the conundrum that, for realistic orbital histories, the available tidal heating on Enceladus is too small to maintain the observed heat flux in steady state [Meyer and Wisdom, 2007] .
[12] Models with appropriate core topography can produce overturning events that are localized but occur in different places at different times. Figure 3 illustrates an example with core topography of degree 3, order 0, and amplitude of 10 km. Convection initiates at the SPT, then switches to the northern hemisphere, and switches back to the SPT again later. The overturns, while occurring in various locations, remain regionally confined-unlike our models without core topography. Figure 4 demonstrates the episodic nature of the heat flow in these models. These results can explain the fact that-despite current confinement of activity to the SPT-tectonism occurred in the ancient past in other regions [Kargel and Pozio, 1996; Crow-Willard and Pappalardo, 2011] , accompanied by enhanced heat fluxes [Bland et al., 2007 [Bland et al., , 2012 . Moreover, these results are consistent with Cassini gravity observations showing that J 3 is negative on Enceladus [Ducci et al., 2012] , as would be expected to occur if core topography caused a negative gravity anomaly near the south pole.
Conclusions
[13] Previous 3-D models have proved unable to explain the localization of activity on Enceladus to south polar regions. We argue that this conundrum resolves if the silicate core is slightly aspherical, and we presented global, 3-D convection models including plastic deformation to demonstrate the mechanism. For sufficiently low yield stresses, the ice shell can exhibit episodic overturns, which would cause intense tectonism and heat flux in the affected area. Although the required yield stresses are lower than those typically measured in the laboratory, they are compatible with previous yield stress estimates for icy satellites [Hoppa et al., 1999; Olgin et al., 2011] . Our models show that, with appropriate core topography, these overturns can be localized to the SPT, or occur episodically in different places in different times. In contrast, overturns in models without core topography are generally global, inconsistent with observations. Recent gravity data, including a negative J 3 , are consistent with this scenario. Better characterization of Enceladus' gravity field by Cassini or future orbiters can help to further test our ideas.
Appendix A: Two-Layer Enceladus Model
[14] Consider a two-layer model of Enceladus with a silicate core of constant density c overlain by an ice mantle of constant density m . The shape of either core-mantle boundary (CMB) or the satellite surface can be described by
where the index i refers either to the core (subscript c) or satellite surface (subscript s). Here a i is a constant mean radius (of the core or satellite), Y lm are spherical harmonics of degree l and order m, Â is colatitude, is longitude, and ır i,lm are the prescribed topographic coefficients, for a given spherical harmonic, of either the CMB or satellite surface.
[15] A silicate core is sufficiently rigid that it should maintain its shape over Solar System history [e.g., McKinnon, 2013] , but, given the tidal heating in Enceladus' ice shell, we would expect the satellite surface to be close to an equipotential (ignoring the dynamic topography associated with mantle convection). The gravitational potential can be represented as the superposition of the potential due to a homogeneous body of constant density m and shape r s (Â , ) and that of another homogeneous body of constant density c -m and shape r c (Â , ). Equating this potential to the equipotential of the surface, GM/r s , which we assume to be constant, yields the following expression for the shape of the satellite surface: where G is the gravitational constant and M is the mass of Enceladus. For Enceladus parameters (a c = 150 km, a s = 250 km, c = 3000 kg m -3 , m = 1000 kg m -3 , M = 1.08 10 20 kg), this expression yields ır s,lm /ır c,lm of 0.4, 0.09, 0.03, and 0.014 for l = 1, 2, 3, and 4, respectively, with even smaller values for l 5. Thus, for all harmonics except l = 1, the surface topography in gravitational equilibrium with specified core topography is small. In a 3-D mantle convection model, it is thus a reasonable zeroth-order approximation to include core topography while ignoring the deformation associated with the satellite surface.
